Abstract: Carotenoids are reported to have immunological effects independent of vitamin A activity. Although antioxidant activity has been suggested as a basis of action, the ability of carotenoids to autoxidize to numerous non-vitamin A products with immunological activity is an alternative yet to be fully explored. We have undertaken a systematic study of ␤-carotene autoxidation and tested the product mixture for immunological activity. Autoxidation proceeds predominantly by oxygen copolymerization, leading to a defined, reproducible product corresponding to net uptake of almost 8 molar equivalents of oxygen. The product, termed OxC-beta, empirical formula C 40 H 60 O 15 versus C 40 H 56 for ␤-carotene, contains more than 30% oxygen (w/w) and 85% ␤-carotene oxygen copolymers (w/w) as well as minor amounts of many C8−C18 norisoprenoid compounds. No vitamin A or higher molecular weight norisoprenoids are present. The predominance of polymeric products has not been reported previously. The polymer appears to be a less polymerized form of sporopollenin, a biopolymer found in exines of spores and pollen. Autoxidations of lycopene and canthaxanthin show a similar predominance of polymeric products. OxC-beta exhibits immunological activity in a PCR gene expression array, indicating that carotenoid oxidation produces non-vitamin A products with immunomodulatory potential.
Introduction
There are reports in the literature of modulation of immune function by various members of the carotenoid family. [1] [2] [3] As only several carotenoids have vitamin A activity, the immunological influence of non-provitamin A carotenoids must occur via alternative pathways. One suggested possibility is an antioxidant action of the intact carotenoid, 3 perhaps acting in a relatively nonspecific manner by the intercept and removal of putative harmful immune system generated reactive oxygen species. Specifically, the highly conjugated unsaturation of the carotenoid can stabilize a carbon-centered free radical, potentially contributing an antioxidant effect under conditions of low partial oxygen pressure. 4 Another possibility that has yet to be seriously explored relates to the products that form when carotenoids spontaneously oxidize, in situ or externally, that themselves may modulate immune activity. Surprisingly little attention has been paid to the biological activities of carotenoid non-vitamin A oxidation products. Given the involvement of oxidative processes in certain aspects of immune function (e.g., macrophage activity, inflammation) and the susceptibility of carotenoids to oxidation, we have been investigating links between carotenoid oxidation, non-vitamin A oxidation products, and immune modulation.
The first phase of our study examined ␤-carotene autoxidation. We reported that there is substantial uptake of oxygen at a rate that is dependent upon oxygen partial pressure. 5, 6 In air, the rate at its maximum is half that for pure oxygen at 1 atm. The reaction is inhibited by the antioxidants butylated hydroxytoluene (BHT) and ␣-tocopherol and accelerated by the thermal free radical initiator azobisisobutyronitrile (AIBN), consistent with a radicalmediated oxidation. Products include epoxides, dihydrofurans, carbonyl compounds, carbon dioxide, a small amount of some presumed polymeric material, traces of alcohols, and possibly carboxylic acids. Early on, the main products identified are 5,6-and 5,8-epoxy-␤-carotene, 15,15=-epoxy-␤-carotene, diepoxides, and a series of ␤-apo-carotenals and ␤-carotenones. As the oxidation proceeds, the putative polymeric material and the carbonyl compounds become more evident and the epoxides are degraded. In the final phase of the oxidation, the longer chain ␤-apo-carotenals are themselves oxidized to shorter chain carbonyl compounds, including ␤-apo-13-carotenone, ␤-ionone, ␤-ionone-5,6-epoxide, dihydroactinidiolide, and probably carboxylic acids.
In the next phase, reported here, a more comprehensive and detailed study of the autoxidation has been carried out, especially with regard to overall product composition, to establish the generality of the carotenoid autoxidation process and the potential existence of immunologically active carotenoid oxidation products.
Results
The kinetics of oxygen uptake by ␤-carotene in solution follows an S-shaped curve, typical of an autocatalytic, free radical chain reaction (Fig. 1 ). In the reaction in benzene under 1 atm of oxygen at 30°C, an endpoint is reached at 3-4 days when oxygen uptake reaches a plateau and ␤-carotene is fully autoxidized. Oxygen uptake is very high, with ␤-carotene consuming 7-8 molar equivalents of molecular oxygen, resulting in a net increase in mass of over 30% of the final oxidation product mixture, termed OxC-beta. Oxidation continues beyond this point, albeit at a significantly reduced rate and with only small changes to the composition of the product.
As seen before, the reaction is accelerated by adding the thermal free radical initiator AIBN 5 and slows considerably in the presence of 0.01-0.10 molar equivalents of either of the phenolic antioxidants ␣-tocopherol or butylated hydroxyanisole (BHA). Oxygen uptake during inhibition by either chain-breaking antioxidant is linear and the rate is independent of the nature of the antioxidant and its concentration (data not shown). Over a 6 day period of inhibited oxidation, consumption of oxygen does not exceed 10 mol% of ␤-carotene. Once the inhibitor is consumed, the reaction follows its normal S-shaped kinetics.
For preparative purposes, the reaction is more conveniently carried out in an open system by passing oxygen through a suspension of ␤-carotene partially dissolved in ethyl acetate at room temperature. The reaction is considerably slower, taking 10-14 days to reach the endpoint, which is readily ascertained by an absorbance measurement at 380 nm.
Characterization of the chemically complex, fully autoxidized product OxC-beta requires a combination of HPLC, GPC, 1 H NMR, FTIR, and UV-Vis techniques in conjunction with carbon, hydrogen, and oxygen elemental analysis.
Elemental analysis gave values for carbon, hydrogen, and oxygen of 61%, 7%, and 32%, respectively, in line with the extensive uptake of oxygen and an overall increase in weight of more than 30% in the product. GPC analysis of OxC-beta indicated the existence of two broad product classes (Fig. 2 ) comprised respectively of a large amount of higher molecular weight (MW) polymeric compounds and low MW monomeric compounds. The chromatogram shows that OxC-beta has a broad, continuous MW distribution profile, ranging from less than 150 Da, based on identified monomer compounds (see Fig. 9 ), to less than 10 000 Da, the cutoff value of the GPC column. Intermediate MW calibrations were provided using polyether GPC standards. The predominance of higher MW compounds is attributed to the ease of formation of oxygen copolymer compounds. The apex of the main, broad peak corresponds to a MW estimated to be approximately 700-800 Da. The monomer compounds are represented by the three peaks superimposed on the low MW side of the main, broad peak. The HPLC chromatogram of OxC-beta (Fig. 3) illustrates the chemical complexity of the monomer fraction. Discrete peaks representing numerous monomer compounds are superimposed on a large, very broad asymmetric rise in the baseline that is attributed to the polymer compounds. The baseline is similarly affected in the HPLC of an isolated pure polymer fraction (data not shown). The FTIR spectrum (Fig. 4) is notable for the strong absorptions at approximately 3500 and 1700 cm −1 , consistent with the presence of hydroxyl and carbonyl groups, respectively, and at approximately 2900 and the 700-1500 cm −1 region, corresponding to C−H Fig. 1 . Autoxidation of ␤-carotene at 30°C in benzene solution saturated with oxygen gas in a closed system, as determined by oxygen uptake expressed as a ratio of moles of oxygen consumed to moles of initial ␤-carotene. See supplementary material for experimental details.
Fig. 2.
GPC analysis of OxC-beta. UV absorbance was monitored at 220-400 nm. Vertical lines correspond to elution times of polyether MW standards (selected markers shown). Column cutoff approximately 10 000 Da. stretching and bending frequencies, respectively. The 1 H NMR spectrum (Fig. 5 ) is especially rich in aliphatic hydrogen absorptions that provide distinctive fingerprint detail for helping characterize the product. The UV-Vis spectrum (Fig. 6) is consistent with the loss of much of the conjugated system of 11 double bonds in ␤-carotene, being totally devoid of any absorption in the region that is characteristic of ␤-carotene, namely the broad, strong absorption band at approximately 370-540 nm.
Each spectroscopic and chromatographic technique provides distinctive and complementary information that, when combined, makes it possible to determine the dependence of the OxC-beta chemical composition on various reaction conditions, including solvent, closed versus open reactor, reaction time, initial ␤-carotene concentration and purity, shaking, stirring, and ambient light. In this way, it was found that the endpoint for formation of OxC-beta is robust, in terms of a highly reproducible product composition. The distinctive patterns of absorptions in the 1 H NMR and FTIR spectra were essentially invariant. GPC confirmed the predominance of the polymeric fraction and HPLC, essentially a fingerprint representation of the many monomer compounds, showed only minor variations under some conditions. Of particular note, a 100-fold variation in the initial ␤-carotene concentration, from 0.2 to 20 mmol L −1 , had no significant effect on the product composition.
Only a few solvents are suitable for the reaction, either because of the low solubility of ␤-carotene in most solvents or because of the solvent itself chemically participating in the reaction. The reaction has been carried out in benzene, carbon tetrachloride, and ethyl acetate. Although autoxidation in carbon tetrachloride yields results very similar to those obtained in benzene, elemental analysis indicated that chlorine was present in the product. For preparative purposes, ethyl acetate is an acceptable compromise. Although the reaction takes significantly longer because of ␤-carotene's limited solubility in this solvent, laboratory-scale amounts of product (5-25 g) can be prepared with excellent reproducibility.
When first prepared, OxC-beta is a yellow, glass-like metastable solid that during storage at room temperature, over weeks and months, gradually transforms into a dark brown, resin-like form. However, there are only slight changes observed in the HPLC, reflecting minor changes in a few compounds in the monomer fraction. OxC-beta initially has a fruity smell that becomes more pungent, resembling dried dates as it transforms into the resinous form. OxC-beta is readily soluble in polar solvents (e.g., lower alcohols, lower ketones, lower esters, tetrahydrofuran, diox- Fig. 3 . Reverse-phase HPLC of OxC-beta. UV absorbance was monitored at 220-400 nm. Numbered peaks refer to norisoprenoid compounds described in Fig. 9 . ane, dimethyl sulfoxide (DMSO)), partially soluble in hydrocarbons, and insoluble in water.
Modest changes occur in the composition of the monomer fraction of OxC-beta samples incubated for 3 months at 40°C. However, these changes are apparently inconsequential because the biological efficacy of samples subjected to up to 9 months of accelerated aging at 40°C and 75% relative humidity is unaffected (results to be reported elsewhere). OxC-beta appears to be stable indefinitely when stored at −20°C.
The polymer fraction
An initial, approximate estimate of the total amount of polymeric material formed was obtained using successive solvent precipitations, taking advantage of its relative insolubility in hexane. The solid residues recovered from the first three precipitations after solvent evaporation and washing and the residue obtained from the evaporation of the combined supernatant and washings of fraction 3 were each weighed and subjected to GPC and elemental analyses. The results in Table 1 indicate that from the amount of precipitate obtained in fractions 1-3 alone, the polymer accounts for at least 68% of the total product. GPC analysis of the fractions indicated that fractions 1 and 2 were practically entirely polymeric (data not shown), containing over 34% oxygen by weight (Table 1) , whereas fractions 3 and 4 contained increasing amounts of monomer compounds, with an associated corresponding decline in oxygen content.
The high percentage of oxygen in the first three fractions, representing the majority of the product, is consistent with the directly measured high uptake of oxygen by ␤-carotene and the more than 30% net increase in weight of the OxC-beta product. By combining the elemental analysis results for fractions 1-4, the overall carbon, hydrogen, and oxygen composition was determined to be 61%, 8%, and 31%, respectively, in good agreement with the values of 61%, 7%, and 32%, respectively, obtained directly for OxC-beta.
By expressing in Table 1 the elemental analysis results for each fraction relative to the molecular formula of C 40 H 56 for ␤-carotene, it is evident that the amount of oxygen incorporated closely corroborates the directly measured uptake of almost eight molecules of oxygen per ␤-carotene molecule and supports oxygen copolymerization being the predominant reaction.
The total amount of polymer present in OxC-beta was determined more precisely using preparative GPC to remove residual polymer from a polymer-depleted fraction obtained after removal of the bulk of the polymer by solvent precipitation and then weighing, after evaporation, the residue of the separated fraction containing only the monomer compounds. The contribution of the monomer fraction to the total weight of OxC-beta was found to be 14% ± 2%, indicating that the polymer represents approximately 86% of OxC-beta. Direct determination of the polymeric and monomer fractions from relative GPC−UV absorption peak areas of three samples taken from a different OxC-beta batch, each run in duplicate, gave values of 85.3 ± 1.3 and 14.7 ± 1.3, respectively, in close agreement with the gravimetric result.
The addition of almost eight molecules of oxygen to ␤-carotene with its 11 conjugated double bonds implies that addition occurs at most of the double bonds to form new C−O bonds. The associated disruption of the conjugated double bond system is reflected in the UV-Vis absorption spectrum of OxC-beta (Fig. 6 ) compared with ␤-carotene, showing a maximum absorption at a much lower wavelength (approximately 240 nm with a shoulder at 280 nm).
The isolated polymeric material, like OxC-beta, is soluble in numerous organic solvents, including methanol, acetone, acetonitrile, and tetrahydrofuran, but is only partially soluble in hydrocarbons and is insoluble in water. It can be stored indefinitely at −20°C.
Even after only partial reaction, it was evident by GPC that the polymer was already a substantial part of the product. A semiquantitative time course study of polymer formation was conducted by GPC analysis of the reaction in benzene solvent. Figure 7 shows that polymer was already present at the first time point of 5.6 h, corresponding approximately to 13% of total oxygen uptake, as estimated from the uptake curve in Fig. 1 . The presence of a significant amount of unreacted ␤-carotene was also evident, as shown by the sharp GPC peak at approximately 8 min and confirmed by UV-Vis spectroscopy. However, ␤-carotene was absent at subsequent time points, with the polymer clearly being dominant and the presence of monomers becoming increasingly apparent.
The direct GPC−UV absorbance method for estimating the polymer and monomer proportions in OxC-beta was used to estimate the polymer as a fraction of the overall product at each time point. (It was assumed that extinction coefficients of the polymer and monomer fractions did not change significantly as the reaction progressed.) The results, shown in Fig. 8 , support the existence of substantial polymer formation. The value of approximately 95% polymer at 5.6 h is artificially high because unreacted ␤-carotene (MW 537) is inadvertently included in the polymer peak area calculated for material exceeding the 300 Da MW cutoff. However, ␤-carotene is absent at subsequent time points and initially the polymer value range is approximately 85%-88% over the period of 22-54 h, corresponding to approximately 67%-93% of total oxygen uptake in Fig. 1 . This value is comparable with the polymer content found for OxC-beta itself. Although the polymer remains dominant throughout, it does gradually decline to approximately 80% at 70 and 77 h and eventually to approximately 72% at 166 h, well past the endpoint of approximately 3 days. We attribute this effect to a slow, induced decomposition of the polymer by oxidation, with possible evolution of carbon dioxide, carbon monoxide, and diacetyl (see Discussion).
Monomer products
The monomeric fraction and several of its most abundant members were isolated using preparative HPLC. Analysis of prep-HPLC fractions by GC−MS indicated that numerous compounds were present over a range of concentrations. Further purification of compounds was carried out where possible by silica gel chromatography or HPLC to allow NMR analysis. The compounds were identified using GC−MS and (or) 1 H NMR and almost all were confirmed by reference to authentic samples obtained either commercially or by independent synthesis. Figure 9 shows the 24 compounds that were isolated and identified. Of particular note are compounds 1 (geronic acid) and 4a/4b (2-methyl-6-oxo-2,4-heptadienal), which have not previously been identified as ␤-carotene autoxidation products. Compound 1 previously was identified as a major product of the reaction of ␤-carotene with ozone 9 and later in a photo-oxygenation reaction. 10 Compound 4 has been identified as a minor product of the autoxidation of retinoic acid. 11 Geronic acid (1) was identified by GC−MS and 1 H NMR data and confirmed with a reference sample prepared by ozonolysis of ␤-cyclocitral (19) according to the method of Strain. 9 HPLC showed that compound 4 had a relatively large UV absorption compared with other monomer compounds (Fig. 3) . It was isolated from OxC-beta by prep-HPLC as a mixture of 2E,4E (4a) and 2Z,4E (4b) isomers in the ratio of 7:3, as determined by 1 H NMR. The geometry of the C4-C5 bond of both isomers was determined by the trans coupling constants of H4 and H5 (J = 15.5 and 15.4 Hz, respectively). Nuclear Overhauser effect (NOE) spectroscopy analysis of the aldehyde protons was used to assign the C2−C3 bonds. In 4a, an NOE was observed between H1 and H3, whereas in 4b, the NOE was between H1 and H4. 4a has been reported in the literature, [11] [12] [13] but to the best of our knowledge, 4b has not (the 2E,4Z isomer has been reported 14 ) . GC−MS of the 4a/4b mixture gave one peak that was identical to a reference sample of 4a.
Compounds 8, 9, and 13 have not previously been identified as ␤-carotene autoxidation products and 8 and 13 appear to be new.
␤-Apo-13-carotenone-5,6-epoxide (11) was isolated from OxCbeta and characterized by 1 H NMR and GC−MS. There are two reports of 11 being found as a product of ␤-carotene oxidation. 15, 16 Wu et al. 15 tentatively identified 11, or its 5,8-epoxy analog, by HPLC−MS, while Caris-Veyrat et al. 16 identified it by HPLC−UV and HPLC−MS.
No detectable amounts of any form of vitamin A or other cleavage compounds of the same or higher MW were found, consistent with the very extensive degree of oxidation occurring in the autoxidation.
Compounds 1, 4, 5, 12, and 14 were the monomer products most readily detectable by UV-Vis or LC−MS. Deuterated versions of each compound served as internal standards to provide accurate measures of the amounts in OxC-beta. The results, reported in Table 2 , show that geronic acid (1) is the most abundant monomer product at 2.4% w/w of OxC-beta.
Geronic acid is extensively oxidized, containing 28% oxygen by weight as a result of oxidative cleavage of two C−C bonds. It is of interest to know if this compound, as a representative monomer, is formed continuously during the reaction or at a later stage. Figure 8 shows that there is a continuous release of 1 throughout the reaction, slowly tapering off to a value of approximately 4% of the initial ␤-carotene at 166 h, which is similar to the level present in OxC-beta (Table 2) . Expressed relative to the degree of reaction, Fig. 7 . GPC−UV analyses at 255 nm of samples taken during autoxidation of ␤-carotene with 100% oxygen in benzene at room temperature. Each plot was analyzed to determine the relative peak areas of polymer and monomer fractions to estimate the degree of polymer formation at each time point (see Fig. 8 ).
Fig. 8.
Plot of estimated percent polymer formation (w/w) as a function of extent of reaction, as determined by relative peak area in corresponding GPC analyses (Fig. 7) . Note that the value of the first data point at 5.6 h is significantly overestimated because of unavoidable inclusion of unreacted ␤-carotene in the polymer fraction peak area. Also shown is a plot of the production of geronic acid (1) during the reaction, expressed as mole percent of the initial amount of ␤-carotene after adjusting by a factor of 2 for the possibility that each ␤-carotene molecule can generate two molecules of geronic acid. as estimated by the oxygen uptake data in Fig. 1 , the formation of 1 remains relatively constant at around 2% of reaction up to around 90% oxygen uptake (approximately 50 h), after which time formation of 1 continues at a declining rate, suggesting the compound may be being released from the polymer.
Autoxidation of crystalline ␤-carotene without solvent
The spontaneous oxidation of pure, finely divided crystalline ␤-carotene in air for 8 weeks was considerably slower than the reaction in solution, still being only partially complete after 40 days, as determined by FTIR and GPC analyses, compared with reaction in benzene, which is complete in 3 days. However, the reaction of the solid was in air, while that in benzene was in homogeneous solution under 100% oxygen. The product was entirely polymeric with an FTIR spectrum very similar to that of the polymer of fraction 1 of OxC-beta, as was also found for the corresponding GPC traces (data not shown).
Autoxidation of lycopene and canthaxanthin
Lycopene, partially dissolved in ethyl acetate, underwent full autoxidation more rapidly than did ␤-carotene under the same conditions, reaching an endpoint in 5 versus 10-14 days for ␤-carotene. A comparison of the FTIR spectra of OxC-lyc and OxCbeta shows almost identical absorption profiles (Fig. 10) . GPC analysis indicates much similarity of the OxC-lyc product with OxC-beta, confirming the predominance of polymeric product (Fig. 11) . The polymer appears to be present in even greater amount and there is a larger MW spread toward the high MW end of the fraction than for OxC-beta, with the peak occurring at a correspondingly higher MW. Also, there was more white precipitate formed during the oxidation, in contrast with ␤-carotene, where only tiny amounts were sometimes seen. The white powder was very difficult to dissolve in organic solvents, supporting the notion that the polymer resembles sporopollenin 8 (see Discussion), which is insoluble in essentially all solvents.
The autoxidation of canthaxanthin occurred more slowly in benzene than for ␤-carotene, taking 8 versus 3 days to reach the endpoint. Again, there was a large consumption of oxygen, although to a slightly lower extent (approximately 7 molar equivalents versus almost 8 for ␤-carotene). GPC analysis of the oxidation mixture showed strong similarities with OxC-beta, with a predominance of polymeric substances (data not shown).
Immunological activity
To gain insight into putative biological activity associated with products present in fully oxidized ␤-carotene, studies were conducted with OxC-beta in normal human fibroblasts. Evaluation of cytotoxicity using a standard tetrazole reduction (MTT) assay revealed few adverse effects following OxC-beta treatment over a 72 h time course and up to 15 mol L −1 (expressed in ␤-carotene equivalents; Fig. 12 ). Given that immune modulation is a property that has been associated with carotenoids, 1-3 which could actually be effected through their oxidation products, a high-level evalua- 24 and replotting on the same wavenumber scale. Fig. 11 . GPC of OxC-lyc. The peak at approximately 5 min corresponds to polymers with MWs that are similar to or exceed the column cutoff of approximately 10 000 Da.
tion of the ability of OxC-beta to influence the expression of genes relevant to core immune responses was conducted using quantitative, real-time PCR arrays (QRT-PCR). A lipopolysaccharide (LPS) challenge model, in which cells were initially treated with 5 mol L −1 OxC-beta and then exposed to LPS, was selected to mimic infection conditions. Several trends emerged from the gene expression profiles (Table 3 ). These included the capacity for OxC-beta to (i) increase the expression of genes associated with pathogen recognition and host defense, such as toll-like receptors (TLRs) and their support molecules, (ii) decrease the expression of inflammatory genes such as cytokines, cytokine receptors, and effector proteins, and (iii) regulate the expression of signal transduction molecules involved in TLR and inflammatory responses, most notably inhibitors and mediators within the nuclear factor -light chain enhancer of activated B-cells (NFB) pathway. Taken together, these results suggested that OxC-beta could influence a diverse array of cellular responses associated with pivotal innate immune processes.
Discussion
The polymer fraction is the predominant product in the autoxidation of ␤-carotene. The predominance is demonstrated by the overall stoichiometry of the ␤-carotene reaction, consuming almost 8 equivalents of molecular oxygen (Fig. 1) , the more than 30% increase in weight of the product, the GPC trace (Fig. 2) , and the elemental composition of OxC-beta itself (empirical formula C 40 H 60 O 15 versus C 40 H 56 for ␤-carotene). This is further reflected in the composition of the first three fractions isolated from OxC-beta by precipitation, which contain 31%-34% oxygen ( Table 1) . The empirical formulae calculated for fractions 1 and 2 in Table 1 are consistent formally with addition of slightly more than eight molecules of oxygen per ␤-carotene molecule.
Lycopene and canthaxanthin behave similarly, albeit oxidizing at different rates (lycopene > ␤-carotene > canthaxanthin). Polymer formation predominates in all three reactions and is illustrated in the GPC traces of OxC-lyc (Fig. 11) and OxC-beta (Fig. 2) . Furthermore, the FTIR spectra of OxC-beta and OxC-lyc are very similar (Fig. 10) , implying a corresponding degree of similarity of the chemical makeup of the polymeric fractions. Together, this evidence strongly suggests that carotenoids autoxidize predominantly by polymerization. Surprisingly, the existence of the polymeric product appears to have received little or no notice, despite the many studies of ␤-carotene oxidation carried out over many years. However, biochemical and geochemical work carried out in the 1960s and 1970s has led to plausible evidence that oxidative polymerization of carotenoids is widespread in nature as a fundamental contributor to the formation of the sporopollenin outer coat (exine) of many species of pollen and spores 17 (see below).
Polymeric carotenoid oxidation products would be predicted to form on the basis of the known autoxidation behaviour of related reactive unsaturated olefinic compounds. For example, the comprehensive studies carried out in the 1950s with styrene as a model substrate showed that autoxidation proceeds via two competing pathways involving (a) copolymerization addition of molecular oxygen to and (b) oxidative cleavage of the carbon double bond, with a being the dominant pathway above about 25 Torr partial pressure of oxygen. 18 The autoxidation is self-initiated, with copolymerization yielding styrene polyperoxide, having a limiting formula of (C 8 H 8 O 2 ) n , and with oxidative cleavage yielding benzaldehyde and formaldehyde products in equal amounts.
Carotenoid autoxidation appears to proceed in a very similar manner via the dual pathways of oxygen addition and oxidative cleavage, respectively (Scheme 1). For ␤-carotene, the reaction is self-initiated, as supported by the fact that neither of the chainbreaking antioxidants ␣-tocopherol and BHA is able to fully inhibit oxidation. In fact, in the presence of either antioxidant, oxidation proceeds at the same slow steady rate until the antioxidant is consumed. This, despite the superior antioxidant efficiency of ␣-tocopherol, 19 suggesting the antioxidant can readily trap the peroxyl radicals formed during initiation. Initiation presumably occurs by direct, partially reversible reaction between oxygen and ␤-carotene, which is supported by the observation of trans-to-cis isomerization of ␤-carotene during the reaction. 5 Although carotenoids appear to autoxidize in a manner closely similar to styrene, there are more complex product outcomes because the 11 double bonds in ␤-carotene versus 1 in styrene afford multiple points for initiation and numerous subsequent Fig. 12 . Evaluation of the in vitro toxicity of OxC-beta. Human fibroblasts were seeded in 96-well plates (3 × 10 5 cells per well) and incubated with OxC-beta at the indicated concentrations for 24, 48, or 72 h (expressed in ␤-carotene equivalents). Cell viability was determined by standard tetrazole reduction assay (MTT). Cells incubated with equivalent concentrations of vehicle (DMSO) alone served as controls. Values were derived from the mean of quadruplicate replicates and are expressed as fold changes ± relative error compared with vehicle controls. Increases or decreases in MTT activity exceeding 25% relative to controls are considered to be indicative of an adverse response. branch points in the chain copolymerization reaction. Polymer formation occurs early in the reaction (Fig. 8) , rather than later, as might occur by recombinations of ␤-carotene oxidation fragments that would otherwise be potential precursors of cleavage compounds. We surmise, by analogy with styrene, 18 that initial oxygen addition to ␤-carotene leads to carotene polyperoxide structures, starting with formation of a peroxyl diradical 5 that in the ensuing chain reaction undergoes further addition of oxygen, with concomitant cross-linking with other carotenoid molecules via peroxyl radical additions 5 (Scheme 1). However, the growing, still unsaturated, polyperoxyl radical faces competing steps of (a) further addition of oxygen, (b) scission leading to simultaneous formation of a cleavage fragment (norisoprenoid precursor) and an associated shortened polyperoxyl radical, and (c) termination. The preponderance of polymer product indicates that reaction a is favoured over reaction b before c becomes the ultimate fate of the polyperoxyl radical. However, because the most abundant polymer species in the GPC trace of OxC-beta in Fig. 2 corresponds to a MW of roughly 800 Da, the chain length for the most part must be relatively short, producing a largely oligomeric product. The scission reactions limit the "average" polymer size, which, while mostly oligomeric for ␤-carotene (approximately 800 Da), is larger for lycopene (cf. Figs. 2 and 11) .
The high oxygen content of fractions 1 and 2 (Table 1 ; C 40 H 57-59 O 17.5 ) implies commitment to oxidation of most, but not all, of the 11 available double bonds in ␤-carotene. Although a basic polyperoxide structure, by analogy with styrene oxygen copolymerization, 18 is consistent with a structure having a high oxygen content, the substantial presence of carbonyl and hydroxyl groups in the FTIR spectra of OxC-beta and OxC-lyc (Fig. 10) indicates that the structure is more complex. The complexity of the structure relative to a simple polyperoxide can be attributed to the competing scission reactions partially "unzipping" the polyperoxyl radical (Scheme 2). 5 This is supported by the amount of polymer reaching a maximum before the reaction endpoint, then slowly declining, and the continued steady release of geronic acid and presumably other monomers (Fig. 8) . This process limits the growth and therefore size of the radical: the scission reaction ejects norisoprenoid moieties and other groups (e.g., carbon dioxide) while simultaneously transforming the radical structure, leading ultimately to formation of carbonyl and hydroxyl groups in various forms (e.g., keto, aldehyde, carboxyl, and peracid groups). 5 In support, it has been reported in the much less complex autoxidation of styrene that cleavage products originate from the polyperoxyl radical rather than by a direct oxidative cleavage of the double bond. 18 The polymer itself may be susceptible to oxidative decomposition. This would also alter the size of the polymer and is consistent with the behaviour of sporopollenin, which is highly resistant to all chemical and biochemical reagents except strong oxidizing agents (see below). 8 The very highly oxidized nature of some of the norisoprenoid products (e.g., geronic acid, a product obtained by ozonization of ␤-carotene 9 ) implies that strong oxidizing conditions exist during ␤-carotene autoxidation.
Many norisoprenoid products are present in minor amounts in OxC-beta. The identified compounds are all short-chain norisoprenoids smaller in size than vitamin A (Fig. 9) . A majority of the compounds are well-known oxidation products.
Geronic acid (1), the most abundant norisoprenoid at 2.4% (Table 2) , together with the other four compounds, 4, 5, 12, and 14, represent almost 6% (w/w) of the OxC-beta product, or about 40% of the monomer fraction, which itself is 15% of OxC-beta. Given the large number of identified and unidentified cleavage compounds that make up the remaining 60% of cleavage products (i.e., 9% of OxC-beta), we estimate each to be present at less than, or most likely much less than, 1% levels.
The amount of ␤-carotene consumed in the formation of compounds 1, 4, 5, 12, and 14 can be estimated. Compounds 1, 5, 12, and 14 each result from oxidative attack on one of the two cyclohexyl rings of ␤-carotene. The mole percent contribution relative to the initial ␤-carotene of each compound is shown in Table 2 . Together, the five compounds account for approximately 11% of the ␤-carotene consumed.
The longer chain compounds (i.e., vitamin A and larger compounds) that have been reported to form early in the oxidation 5, 20 are notably absent in OxC-beta. These compounds themselves are susceptible to further oxidation and once formed can feed back into the continuing oxidation, undergoing further cleavage to smaller norisoprenoids as well as participating in the copolymerization reaction (Scheme 1).
Although we have focused on the nonvolatile (or relatively low volatility) oxidation products in our investigation, we recognize there are volatile products that can escape by gaseous evolution during the reaction or by evaporation during workup. In this regard, it is to be noted that there is a discrepancy in the weight gain from oxygen incorporation observed in the formation of OxC-beta (approximately 30%) and the gain that would be calculated from the OxC-beta empirical formula (approximately 46%) ( Table 1 ). Evolution of 1-2 molar equivalents of carbon dioxide Scheme 1. Carotenoid autoxidation yields two classes of products: carotenoid oxygen copolymers and cleavage compounds. Oxygen copolymerization is the dominant pathway. Norisoprenoid products are shown as being formed by direct cleavage or indirectly by scission of the polyperoxyl radical. A, ␤-carotene; B, canthaxanthin; C, lycopene. Initiation during the reaction could account at least partly for the discrepancy and would further require a corresponding additional uptake of 1-2 molar equivalents of oxygen (i.e., 9-10 total) to help maintain mass balance. Indeed, it was reported earlier that carbon dioxide is produced during autoxidation as well as when OxC-beta is heated in vacuo. 5 Other volatile products that are purged by the flow of oxygen during the reaction or possibly evaporate during the workup also will contribute to the oxygen discrepancy. Examples of products are provided by studies into the generation of aromas and offflavours by autoxidation in ␤-carotene-containing foods. 21 Of particular note in the present work, we have observed the presence of a volatile yellow compound in the condensate of the ethyl acetate reaction solvent recovered during rotary evaporation of the reaction mixture. The colour faded within a day. Although no attempt was made to identify the yellow compound, it may have been diacetyl, which has been tentatively identified as a volatile product of ␤-carotene autoxidation. 21 Further, when the oxygen bubbled through the solution of ␤-carotene in ethyl acetate was fed to another flask containing a ␤-carotene solution (i.e., two reactors connected serially), the reaction in the second reactor proceeded noticeably faster, as if volatile reactive species carried from the first reactor accelerated the overall reaction in the second flask.
The natural connection
Carotenoid-derived norisoprenoids are widely distributed in nature, for example, as ubiquitous constituents in plant-derived aromas and flavours. 22 Polymeric autoxidative carotenoid addition products also would appear to be ubiquitous and yet have received relatively scant attention. The natural existence of such carotenoid products was proposed in 1968 by Brooks and Shaw, who postulated that copolymerization of carotenoids and their esters with oxygen is the underlying basis for the formation of sporopollenin. 17 This extremely robust substance is an integral, structural polymeric component of the outer walls (exines) of pollen, spores, and related species (including some microbial organisms), being recognized as critical for their protection and longevity.
Shaw and co-workers observed that pollen grain development in Lilium henryi is accompanied by formation of carotenoids (including carotenoid esters) in major amounts in plant anthers. 8 There also have been reports of increases in carotene content during sexual reproduction in members of the Mucorales fungi order. 23 In a direct chemical test, reaction of ␤-carotene in dichloromethane with oxygen in the presence of boron trifluoride led to the formation of a polymeric substance strongly resembling sporopollenin. 8 Later, it was established that the reaction also required UV light, 24 consistent with a free radical reaction. Synthetic, oxidatively polymerized carotenoids prepared in this manner show much similarity with natural sporopollenins, as established by a number of chemical criteria, including elemental analysis and IR spectra 8 and, more recently, solid-state 13 C NMR spectroscopy. 25 The elemental compositions of sporopollenins obtained from numerous sources are distinguished by a high content of oxygen. 8 Expressed in terms of the arbitrary C 90 basis first used by Zetzsche, 7 the range is encompassed by the composite formula C 90 H 115-158 O 10-44 with the number of oxygens heavily weighted to the high end. 8 In a direct comparison of native and synthetic sporopollenins, the empirical formulae for Muco mucedo sporopollenin, synthetic ␤-carotene polymer, Lilium henryi sporopollenin, and the synthetic polymer of carotenoids and carotenoid esters obtained by extraction of Lilium henryi were found to be C 90 In percentage terms, the ranges of carbon, hydrogen, and oxygen values for sporopollenins from many species have been reported as 56%-63%, 7%-9%, and 29%-37%, respectively. 26 From Table 1 , it can be seen that the carbon, hydrogen, and oxygen percentages for fractions 1-3 and OxC-beta all fall within these ranges.
The IR spectra of sporopollenins are very similar and characterized by strong hydroxyl and carbonyl stretching frequencies at 3400-3500 and 1650-1750 cm −1 , respectively. 26, 27 The IR spectra of Lilium henryi pollen exines and the synthetic polymer obtained by oxidative copolymerization of its extracted carotenoids and carotenoid esters are very similar. 24 Similarly, the IR spectra of sporopollenin isolated from Lycopodium clavatum and the synthetic oxidative polymer from ␤-carotene show strong similarity. 24 The latter comparison is reproduced in Fig. 10 , which also shows the IR spectra for OxC-beta and OxC-lyc. It is evident that the spectra are all remarkably similar.
There is one significant difference in the polymeric product from OxC-beta and that obtained by Shaw and co-workers using ionic catalysts (e.g., BF 3 ). Our results demonstrate that ␤-carotene and other carotenoids spontaneously polymerize with ambient oxygen, and for ␤-carotene, this occurs whether it is present in solution or as a solid. The OxC-beta polymer is much less polymerized, being largely oligomeric, which also makes it much more tractable (e.g., solubility; however, note that the product of autoxidation of lycopene was more heavily polymerized, producing some amount of white precipitate that was insoluble in tetrahydrofuran and ethyl acetate and only slightly soluble in DMSO with heating). However, if the reaction were to be conducted under the emulsion polymerization conditions that Brooks and Shaw proposed in their detailed scenario of sporopollenin formation during sporogenesis, 8, 27 the probability of chain termination would be decreased, leading to longer chain lengths and therefore a more polymerized product. (The OxC-beta oligomer/polymer likely corresponds to the pre-sporopollenin proposed by Brooks and Shaw to be contained in orbicules. 8 ) A peroxidase or lipoxygenase could well accelerate the polymerization in situ by increasing the number of peroxyl radicals. In the synthetic reaction of Brooks et al. a catalyst such as BF 3 could promote crosslinking and thereby a much higher degree of polymerization.
Despite the plausibility of the Brooks and Shaw oxidative carotenoid polymer proposal, there remains considerable controversy surrounding both the structure of sporopollenin and the nature of its constituent monomer(s). To this day, these details are essentially unresolved except at the broadest level. It appears that the current view is that sporopollenin is not derived by oxidative carotenoid polymerization. However, a significant difficulty that we note with the alternative ideas is that they appear not to adequately address the high oxygen content established for the majority of sporopollenin species analyzed. It is also possible that there is more than one biochemical pathway to structures that function similarly to sporopollenin. 28 A useful summary of the various ideas and the experimental support behind them has been provided by Barrier. 26 
Immunological activity
The present work provides the first evidence for the existence of non-vitamin A immunological activity within the OxC-beta product mixture. The snapshot of gene expression associated with OxC-beta treatment presented herein provides insight into potential events and mechanisms, but the pattern of activity suggests that it is consistent with two key impacts. In the first, OxC-beta upregulates the expression of genes encoding products that function in pathogen sensing and the detection of pathogenassociated molecule patterns (PAMPs), including TLRs and other proteins that act as cofactors for PAMP detection, such as CD14 (cluster of differentiation 14) and lymphocyte antigen 92 (LY96/ MD2). In the second, OxC-beta also appears to down-regulate the expression of genes associated with the initiation and propagation of inflammatory responses, suggesting anti-inflammatory potential. This effect was observed for inflammatory cytokines such as tumour necrosis factor (TNF) and interleukin-1␤, but also for cytokine receptors and other molecules that promote an inflammatory reaction. Of particular interest was the finding that OxCbeta inhibited key signaling molecules and regulators of the NFB pathway. This pathway plays pivotal roles in signaling events initiated by both the TLR system and inflammatory mediators such as TNF, suggesting a potential common mechanism behind both patterns of gene expression. Further evaluation of OxC-beta and its role in modulating immune response is warranted, especially the extension of these studies into immune cells. It also remains to be determined if the activity originates within the polymer or monomer fractions of OxC-beta.
Conclusions
In the presence of oxygen, ␤-carotene and other carotenoids spontaneously oxidize to form predominantly carotenoid−oxygen copolymers and minor amounts of numerous norisoprenoids. The findings support the oxidative carotenoid polymer hypothesis of sporopollenin formation, as occurs, for example, in flowering plants. The immunological activity of fully autoxidized ␤-carotene confirms the idea that non-vitamin A oxidation products are capable of an activity that in the past has been attributed to the parent carotenoid.
Experimental
Materials and general methods are described in the supplementary material (see "Supplementary material" section).
Reaction studies of ␤-carotene autoxidation
Oxygen uptake kinetics were measured directly using a closed system with ␤-carotene fully dissolved in an oxygen-saturated benzene solution. In a typical reaction, a flask containing a solution of ␤-carotene in benzene (50-100 mL, 20 mmol L −1 ) saturated with pure oxygen maintained at 1 atm was connected to a simple, custom-built apparatus and shaken in the dark in a water bath at 30°C (further details of the procedure are provided in the supplementary material). Oxygen uptake leveled off at approximately 72 h. The fully autoxidized ␤-carotene product OxC-beta was recovered by rotary evaporation of the solvent under reduced pressure to give a resin-like yellow residue.
The effects upon the kinetics of the initial concentration of ␤-carotene (0.2, 2, and 20 mmol L −1 ) and of the chain-breaking antioxidants ␣-tocopherol and BHA were each studied under the same conditions.
Preparation of fully autoxidized ␤-carotene (OxC-beta)
Preparation was carried out on a larger scale more conveniently using an open system by bubbling oxygen into a solution of ␤-carotene partially dissolved in ethyl acetate at room temperature (approximately 12.5 g L −1 ), taking no precautions to exclude light. Reaction was considerably slower than in benzene, taking 10-14 days to reach the endpoint, which was determined by measuring the absorbance at 380 nm on a sample of the reaction solution using a quartz cell with 0.1 cm path length and the reaction solvent as a reference. Details are provided in the supplementary material.
Autoxidation of solid ␤-carotene
Finely divided, crystalline ␤-carotene was allowed to stand in air over a period of up to 8 weeks in an open, clear glass vessel with no attempt to exclude light.
Fully autoxidized lycopene (OxC-lyc)
A suspension of lycopene (100 mg) in ethyl acetate (10 mL, nominally 19 mmol L −1 ) was fully autoxidized at room temperature under an atmosphere of oxygen in essentially the same manner as for the preparative-scale synthesis of OxC-beta. The reaction was complete after 5 days, giving a yellow solution and some white precipitate. The mixture was centrifuged and the liquid decanted. The solvent from the liquid fraction was evaporated and the residue dried under vacuum to give a yellow solid (approximately 100 mg). The white precipitate was dried under vacuum to provide a white powder (approximately 40 mg) that was water insoluble and had very little or no solubility in organic solvents.
Fully autoxidized canthaxanthin (OxC-can)
Canthaxanthin was oxidized in benzene under conditions identical to those initially used for ␤-carotene. A solution of canthaxanthin in benzene (20 mmol L −1 ) saturated with oxygen was incubated in a shaker bath, in the dark, at 30°C under pure oxygen at atmospheric pressure. After 8 days, approximately 7 molar equivalents of oxygen had been consumed. The solvent was evaporated under reduced pressure to give a resin-like yellow residue.
Note of caution
The oxidation reactions involve exposure of flammable solvents to pure oxygen. Precautions must be taken to avoid any potential sources of ignition. Additionally, OxC-beta contains peroxides and may be prone to decomposition under certain conditions that may generate localized heating. We have prepared more than a hundred samples of OxC-beta with only one incident. On one occasion, when the freshly prepared brittle product was rapidly ground and compacted, the powder started to warm up and the evolving heat resulted in a meltdown and decomposition of the sample with evolution of gases. For this reason, only small samples of dry OxC-beta should be prepared and grinding should be avoided.
Composition of OxC-beta: polymeric and monomeric fractions
The relative proportions of the polymeric and monomeric fractions were determined first by a gravimetric method, taking advantage of the low solubility of the polymer in hexane to isolate it by precipitation. A second independent and more convenient method used relative polymer and monomer UV absorbance peak areas determined from an OxC-beta GPC trace. Details of both methods are provided in the supplementary material.
Time course of polymer formation
Polymer formation during the oxidation reaction was followed using the direct GPC−UV absorbance method for measuring polymer and monomer proportions in OxC-beta. The formation of geronic acid (compound 1, Fig. 9 ), the most abundant cleavage compound in OxC-beta, also was measured as an index of monomer formation. Details are provided in the supplementary material.
Identification of main monomeric products and synthesis of reference compounds
The supplementary material provides details on the identification of cleavage compounds and the synthesis of reference standards. Compound numbers refer to chemical structures depicted in Fig. 9 .
Synthesis of deuterium-labelled standards and quantitation of selected norisoprenoids
Quantities of several of the norisoprenoids were measured by GC−MS-based methods using deuterated analogs as internal standards and nondeuterated reference standards. Deuteriumlabelled analogs of 1, 4a, 5, 12, and 14 were prepared as internal standards. Full synthesis, characterization, and analytical details are available in the supplementary material.
Cells and test conditions
Normal human fibroblasts derived from neonatal foreskin (ATCC No. CRL-2097) used in this study were cultured in Dulbecco's modified essential medium (DMEM) supplemented with 10% fetal bovine serum and antibiotics. OxC-beta was initially prepared as a 50 mmol L −1 carotene-equivalent stock solution (26.85 mg OxC-beta mL −1 DMSO) with subsequent working solutions prepared by dilution in DMEM and filter sterilization. Vehicle concentration never exceeded 0.25% in these studies. Cell viability was assessed at 24, 48, and 72 h post-treatment with OxC-beta using a commercial MTT assay (Roche) according to the manufacturer's instructions. For challenge studies, triplicate wells of fibroblasts were pre-incubated with 5 mol L −1 OxC-beta or vehicle alone for 24 h prior to challenge with 100 ng mL −1 LPS for an additional 24 h. Following LPS treatment, cells from each condition were collected and pooled for analysis.
Gene expression analysis
QRT-PCR analysis was conducted using an RT 2 Profiler Innate & Adaptive Immune Response array (SABiosciences) that profiled the expression of 84 genes involved in inflammation and the host response to pathogen infection. Total RNA was extracted from pooled cells using an RNeasy minikit (Qiagen) and cDNA generated using an RT 2 First Strand synthesis kit (SABiosciences). The array analysis was carried out on a MyiQ iCycler (Biorad) using a RT 2 qPCR Master Mix (SABiosciences) according to the manufacturer's instructions. The arrays for each test condition were repeated once to evaluate the reproducibility of results. For analysis, the average normalized difference in threshold cycle (⌬C t ) was calculated relative to the selected housekeeping gene (glyceradehyde 3-phosphate dehydrogenase) and relative gene expression (2 −⌬Ct ) determined for each gene in both OxC-beta-treated (test) and vehicle control arrays. Fold up-or down-regulation was determined from the ratio of gene expression in test samples versus control samples. Each array contained a positive PCR control and controls for reverse transcriptase efficiency and the presence of contaminating genomic DNA.
Supplementary material
Supplementary material is available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/ 10.1139/cjc-2013-0494.
